The corrosive condition at marine splash zone is detrimental to steel structures of offshore applications. The corrosion at splash zone is the most serious not only for uniformed corrosion but also localized corrosion. Practically, marine structures experience cyclic seasonal temperature change. Temperature acts as an important factor affecting corrosion process. In this paper, the effects of temperature on pitting behavior of a low alloy high strength steel (AISI 4135) in marine splash zone have been investigated using electrochemical techniques and morphology observations. The area of hysteresis loop was greater under seawater film at lower temperatures than that at high temperatures, indicating that the pitting corrosion sensitivity is high at lower temperature. AISI 4135 steel has the potential danger of pitting corrosion in marine splash zone after long exposure.
Introduction
Iron and iron-based alloys have received much attention due to their extensive employment. [1] [2] [3] [4] High strength steel can reduce weights of marine infrastructures and lessen the environmental burden by using less material. AISI 4135 steel is a kind of low alloy steel that its high strength, fair plasticity and toughness can be achieved through heat treatment. Thus, there is a potential utilization of it in marine applications. Understanding the pitting behaviour of AISI 4135 steel can be beneficial for promoting safety applications of it in marine environment. AISI 4135 steel is one of the low alloy steels which contain main alloying elements Cr and Mo. The addition of Cr to carbon steels promotes the passivation of steel. 5 It is commonly acknowledged that the alloy element of Mo in the steel can increase the strength and hardness. The Cr-modified steel can improve the ability of passivation. The addition of Cr and Mo allows a good performance of the steel in marine corrosion environment. Passivity is a crucial factor in determining the property of metals' corrosion resistance. Investigation of the electrochemistry of a passivated metal can reveal not only the structure and composition, but also the electrochemical and corrosion behaviour of the film. 6, 7 The growth and breakdown of passive films on metal alloy surface has been a subject of interests over 150 years. [8] [9] [10] [11] The development of pitting corrosion has been commonly considered as two consecutive stages: initiation and propagation. Occurrence of pitting is usually associated with a breakdown of passive film by the attack of aggressive species, such as chloride ions. The role of chloride ions on the passive film which can be associated with initiating pitting has various mechanisms. Hoar and Jacob 12 proposed a theory of the chemical dissolution and thought that the breakdown of the passive film is caused by the formation of soluble complex ions between chloride ions and metal oxides. Simard et al. 13 thought that the pre-anodization affected stability of the film. Bertocci and Ye 14 compared the current fluctuations in the absence and presence of Cl ¹ and concluded that the most important effect of Cl ¹ lied in increasing the chance of local breakdown of the passive film. Y. F. Chen's results 15 showed that Cl ¹ in pitting is to increase the chance of the breakdown of the passive film, rather than to inhibit the surface repassivation.
It is universally known that metal materials suffer the most serious corrosion in the marine splash zone and the seriousness is attributed to the frequent wet/dry alternation and abundant supply of O 2 . [16] [17] [18] Pitting is a kind of localized corrosion that can cause much serious problems than general corrosion. So, pitting corrosion attracted the attention of researchers. Under natural exposure conditions, pitting generally occur after long period of time. Ding et al. 19 studied the non-uniform corrosion of several carbon and weathering steels in natural atmosphere conditions. The Qingdao corrosion test site is only 34 m away from the coast. Both 1 year and 2 year's exposure of the steels in Qingdao showed pitting corrosion and was attributed the harsh environment without further explanation of mechanisms. Cao et al. 20 studied the pitting corrosion resistance of a Ni-Cu-P steel in marine splash zone. The exposure test was performed in marine splash zone for 660 days. Ni-Cu-P steel is known as seawater corrosion resistance steel due to strong corrosion resistance in marine splash zone. But the steel exhibits obvious characteristic of pitting corrosion. However, the average corrosion rate and pit penetration of Ni-Cu-P steel was obviously smaller than that of carbon steel after exposure test. The phenomenon was explained as the enrichment of Cu and P in pits with the pit initiation mechanism unattended. Robert et al. 21 studied the corrosion of vertical mild steel strips exposed in marine environment for 1 year. Pitting was observed in splash zone and it is regarded that the elucidation of the mechanisms involved in pitting for the splash zone remains an area for further investigation.
In the actual spray splash zone, the seawater temperature changes with different geographic location, seasonal variation, the sun irradiation and day-night alternation. 22 As a consequence, steels in marine applications are often under corrosive seawater film environment at different temperatures. Seawater temperature is one of the important factors that affect the corrosion process. Numerous studies have been conducted to elucidate the effect of the solution temperature on the passivity or the corrosion behaviour of metals, including Fe and its alloys. An increase in solution temperature has significant detrimental effects on the corrosion properties of Fe and Fe-based alloys. Fe-based alloy immersed in a Cl ¹ containing solution of higher temperature showed lower resistance to localized corrosion, as revealed by decrease in pitting potential. [23] [24] [25] It is well known that chloride promotes pitting and the literature presents studies on the corrosion susceptibility of Fe and Fe-based alloys, which depends on the nature of passive film formed on the surface. There have been a number of theories and models proposed to illustrate the pitting corrosion process occurring on stainless steels, aluminium alloys, etc., which could be passivated in the service environment. [26] [27] [28] [29] The corrosion resistance of a passivated metal is often determined by its susceptibility to local breakdown and initiation of pits. Although a large amount of research has been performed on iron and stainless steel to understand initiation of pits in different environments, little has been done for low alloy steels in marine splash zone environment. Work on the effects of temperature on pitting corrosion for low alloy steels is limited. Our research experiences show that AISI 4135 suffers pitting corrosion in splash zone after prolonged exposure of 1 year. Together with the work cited above it is speculated that the yearly temperature transition played an importance role in the development of pitting. Therefore, in order to clarify the effect of temperature on the pitting corrosion, it is necessary to study the temperature dependence of pitting behaviour of AISI 4135 steel in marine splash zone although other factors and mechanism can also apply.
In this paper electrochemical techniques and morphology observations (SEM) were used in the study to clarify the temperature dependence of pitting behaviour of AISI 4135 steel in marine splash zone.
Experimental

Material and solution
The material studied was normalized AISI 4135 steel with composition given in Table 1 . Specimens were prepared with numerically controlled electric spark wire cutting machine to the size of¯10 mm © 10 mm. Each specimen was embedded into epoxy resin produced by Struers Company leaving one end of 0.785 cm 2 as working surface. Then specimens were abraded with grit 240, 400, 600 SiC paper followed by rinsing with distilled water, degreasing with alcohol and then drying in a cool air flow. The electrolyte was fresh seawater, which was collected at Qingdao Huiquan bay. The steel materials in marine splash zone were close to the surface of seawater line. Thus the relative humidity in marine splash zone could be higher than that in atmospheric zone. In addition, seawater splash would wet the surface of steel materials frequently. As a result, the surface could always be wet, thus the seawater film could be fairly thick. The average thickness of the film is roughly 400 µm. The corrosion environment of splash zone was simulated by seawater layer (film) on the specimen.
Experimental setup
The configuration of the electrochemical cell to simulate seawater film in the splash zone used in the current study is presented in Fig. 1 as seawater film will form on the surface of bare steel in the splash zone. The key point in the design of the experimental setup is to form seawater film on the surface of working electrode. The cell 8 was filled with fresh seawater. The working electrode 7 was firmly fixed in the cell, keeping the working surface upward and horizontal. The knob 3 is used to adjust the vertical position of the working electrode in the seawater to make seawater film form on the working electrode with desired thickness. A platinum wire 6 was fixed around the working electrode as counter electrode. A saturated calomel electrode (SCE) 4 was used as reference electrode and fixed right above the working electrode with knob 5 adjusting the contact of reference electrode with seawater film. All the potentials reported in the paper refer to SCE. The position between the working electrode and the reference electrode can be adjusted through x-y movable platform 2.
Electrochemical measurements
The electrochemical measurements were carried out using a multichannel potentiostat PS-04. The open circuit potential (OCP) of the electrode under constant seawater film was measured for 1 hour. The OCP evolution with wet/dry alteration at 0°C was also measured. Cyclic polarization tests were conducted starting from the OCP in the anodic direction with a sweep rate of 10 mV min ¹1 . When the current density of the positive scan reached 1000 µA cm ¹2 , the scan was reversed to the initial potential. The measurements were performed at 0°C, 10°C, 25°C and 40°C respectively to reveal the pitting behaviour of AISI 4135 steel considering the seasonal change of environment.
In repassivation kinetic experiments, the working electrode requires creation of a bare surface before measuring the current transient produced by the formation of passive film. The electrode was kept at a potential of ¹1.1 V (vs. SCE) for 5 min to reduce the oxide on the steel and create a bare surface. The potential was then pulsed instantly to the test values. Current transients were recorded at potentials greater than the corrosion potential determined from the open circuit potential (OCP). Although it is likely that oxide film may not be reduced completely at ¹1.1 V for 5 min to remove the air-formed oxide film, a qualitative comparison of the repassivation kinetic results measured on AISI 4135 steel is feasible if the experimental conditions are kept identical.
To determine the reproducibility of the data, three parallel specimens were performed for the curves of the electrochemical measurements and representative results were selected. Electrochemistry, 83 (7), 541-548 (2015)
Morphology characterization
The morphology of the specimens after electrochemical experiments was characterized by using a Hitachi scanning electron microscope (SEM). Figure 2 shows the OCP results obtained from the electrode under seawater film for 1 hour at 0°C, 10°C, 25°C and 40°C, respectively. The OCP values decreased with time and gradually approached a steady state. A significant phenomenon was that the steady state OCP shifted to noble direction with the decrease of seawater temperature. The OCP is less noble and is more pronounced at higher temperatures. At 0°C and 10°C, the values of OCP varied from ¹495 to ¹575 mV and from ¹513 to ¹621 mV, respectively. The initial OCP of ¹558 mV decreased to ¹712 mV at 25°C. While, the initial OCP of ¹591 mV decreased to ¹741 mV during the period of measurement at 40°C. The lower potentials indicate that the tested steel is more prone to general corrosion and that the protective surface film is less likely present at higher temperatures. The noble OCP at lower temperatures is an indication that the surface oxide film is more integrated and less active than that at higher temperatures. The seawater splashed on the tested steel is rich in Cl
Results and Discussion
OCP measurements
¹ is a strong passive film destructing species. When the oxide film exists on the steel surface, it is possible for Cl ¹ to attack some specific area of the film that is active and less compact, making pitting corrosion occur at lower temperatures.
The OCP of the electrode exhibits an oscillating characteristic under wet/dry condition at 0°C as shown in Fig. 3 . The OCP drops when the electrode is wetted with seawater. The OCP shifts to positive direction while the electrode is drying out. A potential value as high as over ¹0.30 vs. SCE can be reached, making the pitting corrosion possible during the process of drying.
Cyclic polarization measurements
One of the tests to assess the susceptibility of AISI 4135 steel to passive stability and localised corrosion was the cyclic potential dynamic polarization technique at low scan rate. Figure 4 shows cyclic polarization curves of AISI 4135 steel under seawater film at different temperatures. The potential was scanned anodically from corrosion potential to a pre-defined potential and then scanned back. The solid arrows next to the forward and the reverse anodic branches indicated potential scan directions.
It has been proposed 30, 31 that the area of the hysteresis loop increased with the temperature. However, by observing Fig. 5 , it is obvious that the area of hysteresis loop was greater under seawater film at lower temperatures than that at high temperatures. In addition, as can be seen from Fig. 4 , when the temperature was high, such as 40°C and 25°C, the reverse anodic curve is shifted to lower . Area of hysteresis loop in cyclic polarization curves of AISI 4135 steel under seawater film at 0°C, 10°C, 25°C and 40°C, respectively. At 25°C and 40°C since the reverse anodic curve is shifted to lower currents (negative hysteresis), the area is arbitrarily set as 0.
Electrochemistry, 83(7), 541-548 (2015) currents (negative hysteresis), which indicated no pitting expected. 32 When the temperature was low, such as 0°C and 10°C in Fig. 4 , it was showed that the reverse anodic curve was shifted to higher currents than the forward curve (positive hysteresis), indicating pitting expected. 32 This can be seen from the specimen appearance after the cyclic polarization measurements, as that observed in Fig. 9 . These SEM micrographs were in good agreement with the results of cyclic polarization curves.
The appearance of the obvious current hysteresis loop may result from initiation and propagation of pitting during positive forward scanning of the potential. It has been shown 33 that the potential is a controlling factor for pit growth termination. If the potential shifts to a more negative value as the pit grows, the driving force for pit growth will decrease, with the eventual termination of pit growth. Once the pitting is initiated, even though the potential is swept catholically, it is still hard to prevent the further extension of the pitting immediately. The self-healing or repassivation process can only occur at a lower potential, causing the reverse scanning current density larger at the same potential. The large area of the hysteresis loop suggested the nucleation and growth of pitting during the forward scan. 34, 35 In general, the larger the area of the hysteresis loop, the greater the susceptibility of the material to pitting corrosion will be.
It is obvious from these results that the pitting sensitivity is enhanced with the decrease of the temperature. The disappearance of hysteresis loop at 40°C and 25°C might be that the general corrosion is more pronounced. The pitting corrosion of AISI 4135 steel in the splash zone might be more closely related to a decreased temperature during winter time.
Repassivation kinetics
The typical repassivation current transients of AISI 4135 steel under seawater film at different temperatures with different applied potentials are shown in Fig. 6 . The applied potentials were referred to corrosion potential with different temperature. In Fig. 6(a) , as the applied potential close to corrosion potential was shifted from a cathodic potential of ¹1.1 V (SCE), there was an instantaneous increase in current. After attaining a peak value, the current started decreasing initially rapidly, then at a much slower rate. For the repassivation current curves, the initial period of current decay can be ascribed to nucleation and growth of the film, thus reflecting the rate of film formation. The steady-state values acquired after some time reflect the properties and stability of film under given conditions. Figure 6 Electrochemistry, 83(7), 541-548 (2015) as can be seen in Fig. 6(c) . With little characteristic of repassivation, the current peak after the potential being applied was gone, the current increased steadily with time. Especially in Fig. 6(d) , which the temperature was high, typical current transient was not observed when the applied potential was ¹0.4 V. When the temperature was elevated as well as applied potential, the current was increased in linear. As a result, it would occur uniform corrosion on the surface of AISI 4135steel under seawater film at high temperature. Figure 7 shows the steady-state currents of the current transients at different temperatures under different applied potentials respectively. Not all the steady-state current of different applied potential at the same temperature were shown because there was no steady-state current with the given applied potential which can be obtained in Fig. 6 . The steady-state currents are correlated with the applied potentials. 36 At the same temperature, increase of applied potential causes the increase of the steady-state current value. The steadystate current is related with the dissolution of iron. 37 The higher the steady-state current, the more unstable the oxide film and the shorter the steady-state current duration will be.
For electrode reaction, the relationship between the reaction rate constant and temperature is available for Arrhenius formula.
where k is reaction rate constant and E R is reaction activation energy (J mol
¹1
). Equations (1) suggests that k increases and the reaction rate accelerate with the increase of temperature. In the splash zone, the cathode electrode reaction process is mainly depolarization reaction of oxygen. Although the rising temperature decreases the dissolved oxygen in the seawater film, the rate of oxygen mass transfer is enhanced, increasing the rate of corrosion. Iron-base alloys containing a minimum of 12% Cr are self-passivation. 39 The Cr content of 0.9% is far less than the Cr content that is necessary for the steel to establish passive state and the oxide film formed on the surface is not stable especially at elevated temperatures. The results here show that the tested steel is more prone to uniform corrosion when temperature is increased.
On the contrary, the oxide films formed on the surface of steel at low temperatures were comparatively stable. When aggressive ions, such as Cl ¹ , in the electrolyte adsorbs on the oxide film at some specific active sites and damages the film, pitting is likely to occur. Figure 8 shows corrosion morphology of AISI 4135 after 1-year exposure in marine splash zone. Some pits are visualized. After 1-year exposure, the specimen had gone through a high temperature/ low temperature transition. It is true that the surface was entirely corroded. The sample that went through only summer period was also completely corroded but pits were rarely seen. So, it is reasonable to think that the yearly temperature transition played an important role in the pitting development of studied steel, though other mechanism may also attribute to the development of pitting. Figure 9 shows the morphology of the specimen surfaces under seawater film after cyclic polarization measurements at 0°C, 10°C, 25°C and 40°C respectively. The lower the temperature, the more severe the pitting is. When the temperature is 40°C, almost no pits can be observed on the steel. The morphology observation is consistent with the results of Fig. 4 . Figure 10 shows full view of the electrode surface under seawater film at 10°C, 25°C after repassivation kinetic experiments. It can also be seen in Fig. 10 that the lower the seawater temperature, the more serious the pitting corrosion. It can be seen in Fig. 10 , at low temperatures, a small amount of corrosion products were scattered on the electrode surfaces. Corrosion pits are located beneath the localized corrosion products. Pit initiation generally occurs at specific susceptible sites on the electrode surface, such as grain boundaries, dislocations and non-metallic inclusions. The activation of the site into a metastable growing pit constitutes the pitting initiation process.
Morphology characterization
From above study it is known that the stability of the oxide film formed on the surface decreases with the increase of temperature under the coverage of seawater layer and the oxide film will finally disappear with bare metal surface exposing to the corrosive media as temperature increases, promoting uniformed corrosion. While, the oxide film formed on the surface of steel at low temperatures were comparatively stable. The abundant aggressive Cl ¹ in the seawater film attacks some specific weak and active sites on the oxide film, leading to pitting corrosion.
In field splash zone environment, the seawater temperature changes with geographical location and seasonal variation. In high latitude area, the seawater temperature may drop near to or even lower than 0°C in winter. As a consequence, steels at splash zone in marine applications are often under corrosive seawater film Electrochemistry, 83 (7), 541-548 (2015) environment at different temperatures. The steels will encounter temperatures from low in winter to high in summer in one year's cycle. The topography of corroding mild steel surfaces in seawater showed that the pits appeared after a prolonged exposure. 21 Deep pitting was visualized after three year's exposure. Our experiences were also that pits appear after a long field exposure as shown in Fig. 8 . The seasonal temperature change is one of the reason causing pitting corrosion according to the study above.
A difference of current study compared with that in the literature is the temperature's effect on pitting corrosion sensitivity. Earlier study showed that an increase in solution temperature lowered the resistance to localized corrosion of Fe-based alloy immersed in Cl ¹ containing solution, being revealed by decrease in pitting potential. [23] [24] [25] It should be noticed that the material used in the literature [23] [24] [25] is different from current study. The materials used in the literature [23] [24] [25] were stainless steel and Fe-Cr-Ni alloy with Cr content higher that 12%, which is necessary for self repassivation. The temperature increase hinders the stability of the passive film on stainless steel and Fe-Cr-Ni alloy, but the passive film is still on the surface. Localized break of the passive film caused by the attack of Cl ¹ at higher temperature will lead to pitting corrosion.
While the passive film (if we can call it this way) on the tested steel of current study is far more less stable compared with stainless steel and Fe-Cr-Ni alloy because of its low Cr content. When the temperature is increased to a specific value, the passive film will become active and finally totally dissolved and disappear with uniformed corrosion occur rather than pitting.
The difference in pitting corrosion behaviour between AISI 4135 steel and stainless steel or Fe-Cr-Ni alloy with temperature can be illustrated in Fig. 11 . The passive (oxide) film integrity of both low alloy steel and stainless steel or Ni-Cr-Fe alloy changes with the increase of temperature. The oxygen concentration in the seawater with different temperature was shown in the Table 2 . The higher concentration of oxygen facilitates the passive or quasi-passive state maintaining, meaning that the surface state is stable at low temperatures. For low alloy steel, when the temperature reaches a critical value T C , the passive film will disappear completely. When the temperature is lower than the critical value, the pitting corrosion is likely to occur. While, when it is higher than the critical value, the uniformed rather than pitting corrosion will be dominant. For stainless steel or Ni-Cr-Fe alloy in the literature, 30 ,31 the critical temperature is much higher than low alloy steel and the testing temperature was well below the critical value, showing pitting corrosion sensitivity's increase with temperature. When the corrosive environment is controlled to reach a condition allowing disappear of passive film on stainless steel or Fe-Cr-Ni alloy, uniformed corrosion will also occur.
It is generally the first thinking that the classic theories attributing pitting to the passive film breakdown do not apply to the system of carbon steel in seawater or similar corrosive media which is not typical passive system. It should be pointed out that the studied material under the coverage of seawater film is almost in totally active dissolution state above room temperature with the area of hysteresis loop close to zero as show in Fig. 4 . Although the studied system is not a typical passive system, it should be agreed at least that the surface state of the studied steel at low temperature is less active than that at high temperature. Passive film is intrinsically some kinds of oxide film. For classical passive material such as stainless steel, the passive film is very intense and protective. For non classical materials the film is some kind of corrosion products with limited protectiveness. And for stainless steel the anodic current is small at passive potential range. But for some system such as carbon steel in seawater, the system is far from typical. From polarization curve measurement, the typical passive potential range like that of stainless steel might not be cleared displayed. But some researchers still verified that even under this circumstance the polarization curve can still be used to evaluate the pitting corrosion behaviour. It has been verified that even for non-typical passive system, the pitting can still occur above a certain potential, which can also be called a pitting potential. 40 So, polarization curve measurements were used by researchers to determine pitting potential even if the system is away from typical. 40, 41 The concept of "passive" is relative. In the case of this study, although the so called "passive" film is less protective than that of stainless steel, at least the protectiveness at low temperature is better than that at high temperature. The protectiveness of the film is gone above room temperature. It is in this view that the steel is more passive at low temperature than at high temperature.
In marine splash zone, the wetting of steel surface is randomly distributed and in wet-dry cycles. The potential can be unevenly distributed. The oscillating potential measurements shown in Fig. 3 simulate the area that was under wet-dry changing. During the changing period between wet and dry, the potential shift to noble values that correspond to the potential on the polarization curve where the current increase rapidly. It is under this condition that the pitting is speculated to develop.
From the analysis of this study, it can be known that AISI 4135 steel has the potential danger of pitting corrosion in marine splash zone after prolonged exposure.
(a) (b) Figure 11 . Schematic illustration of the passive (oxide) film's dependence on temperature in Cl ¹ containing corrosive environments, (a) AISI 4135 steel (low alloy steel), T C is the critical temperature at which the passive (oxide) film disappears completely. T 1 < T C < T 2 ; (b) Stainless steel and Ni-Cr-Fe alloy, T 3 < T 4 . Electrochemistry, 83(7), 541-548 (2015)
Conclusions
Electrochemical techniques and morphology analysis were used in the study to clarify the temperature dependence of pitting behaviour of AISI 4135 steel in marine splash zone. The following conclusions can be reached.
(1) The area of hysteresis loop was greater under seawater film at lower temperatures than that at high temperatures, indicating that the pitting corrosion sensitivity is high at lower temperature. ( 2) The passive (oxide) film exists at lower temperature and will become unstable or totally disappear when temperature is increased. (3) AISI 4135 steel has the potential danger of pitting corrosion in marine splash zone after long exposure.
